Introduction 1992) and directly influence their rate and pattern of spike discharge (Bourque and Renaud, 1990) . The genMechanotransduction is a process involving the conversion of mechanical energy into an electrical signal eration of osmoreceptor potentials is therefore impor- (French, 1992) . Ion channels whose probability of opentant for the osmotic regulation of electrical activity, vasoing (Po) can be altered by changes in membrane tenpressin release, and osmoregulation in the rat (Bourque sion therefore represent ideal candidates as molecular et al., 1994) . mechanotransducers (Sokabe and Sachs, 1992) . Since
The permeability characteristics of single SIC chanthey were originally discovered by Guharay and Sachs nels have been found to be similar to those of the vol-(1984), patch-clamp studies have shown that channels ume-gated cationic conductance in MNCs (Oliet and sensitive to membrane stretch occur in a variety of cell Bourque, 1993a) . Moreover, the general response profile types (Kullberg, 1987; Morris, 1990; Sachs, 1992; Sakin, of SIC channels (Morris and Sigurdson, 1989 ) is such 1993). Unfortunately, direct evidence of their involvethat their activity should increase as a consequence of ment in mechanosensory functions has been difficult hypertonic cell shrinkage and decrease upon hypotonic to obtain. Demonstrating the role of a stretch-sensitive swelling (Oliet and Bourque, 1994) . While these funcchannel in mechanotransduction requires more than tional features of SIC channels are consistent with the showing its presence in an appropriate cell. Optimally, intrinsic osmosensitivity of MNCs Bourque, the biophysical properties, density, and pharmacology 1993a, 1994) , there is as yet no evidence indicating of the single channels should be shown to be consistent whether mechanical gating is responsible for the oswith the macroscopic mechanosensory behavior of the motic modulation of SIC channels or whether ion permeparent cell, recorded under the same conditions (Morris, ation through these channels is necessary for the gener-1992). Problems in correlating single-channel and macation of macroscopic osmoreceptor potentials. To roscopic behaviors often arise because of technical diffiaddress these issues, we compared the modulation of culties in accessing the relevant membrane in an intact SIC channel kinetics evoked by changes in pipette prespreparation. The need for direct comparison, however, sure and by variations in external fluid osmolality. We has been highlighted by the finding that some isolated then examined the effects of gadolinium (Gd 3+ ), a purported blocker of stretch-sensitive ion channels (Gustin et al., 1988; Berrier et al., 1992; Sigurdson et al., 1992;  *Present address: Department of Cellular and Molecular Pharmacology, University of California, San Francisco. Ruknudin et al., 1993) , both on SIC channel gating and on the generation of macroscopic osmoreceptor responses in MNCs of the rat supraoptic nucleus.
Results

Resting Properties of SIC Channels
Cell-attached patch-clamp recordings of SIC channels were obtained from MNCs acutely isolated from the adult rat supraoptic nucleus. As found previously (Oliet and Bourque, 1993a) , channel activity that was recorded featured a linear current-voltage relation with a mean (Ϯ SEM) slope conductance of 32 Ϯ 2 pS and carried a current reversing at Ϫ42 Ϯ 5 mV. The data reported below were obtained from 43 membrane patches in which the absence of double openings and the duration of the recording indicated that the probability that more than one SIC channel was present was <5% (Colquhoun and Hawkes, 1983) . The mean resting channel P o observed in these patches was 0.020 Ϯ 0.001.
Osmotic-and Pressure-Evoked Changes in SIC Channel Gating
The effects of changing intrapipette pressure (Ϫ2 to +2 cm H2O) or external fluid osmolality (Ϯ30 mOsm/kg) on single SIC channel gating ( Figure 1A1 ) were examined by plotting variations in either mean open time (MOT) or mean closed time (MCT), as a function of stimulusevoked changes in channel Po. Linear regression analysis ( Figure 1A2 ) indicated that normalized changes in MCT were inversely correlated with normalized changes in P o , whether evoked by modification of pipette pressure (slope = Ϫ0.95; R = 0.97; n = 25) or external fluid osmolality (slope = Ϫ0.93; R = 0.94; n = 10). The quantitative relationship between P o and MCT was the same whether channel activity was modified by changes in pipette pressure or by varying external osmolality (p > .1; ANOVA test). In contrast, the MOT of SIC channels was son et al., 1992; Ruknudin et al., 1993) . The effects of in the presence of 10-100 M Gd 3+ also reflect a selective modulation of channel MCT. Solid lines in (A 2) and (B2) are linear regression fits changing external fluid osmolality and pipette pressure through the data points (see text for details). Dashed lines have a were therefore examined using pipettes containing 10-slope of 0. 100 M Gd 3+ . As shown in Figure 1B , SIC channels remained responsive to mechanical and osmotic stimulation in the presence of Gd 3+ . Under these conditions, (0.13 Ϯ 0.05). However, Gd 3+ did not alter the sensitivity of the relationship between changes in pipette pressure variations in Po resulting from changes in external osmolality (slope = Ϫ0.94; R = 0.96; n = 8) or pipette pressure and normalized channel P o ( Figure 2A ). Confocal laser scanning microscopy revealed that the amplitude and (slope = Ϫ0.96; R = 0.98; n = 13) were inversely correlated with channel MCT but not with MOT (R = 0.18, left; R = time course of osmotically evoked changes in cell volume were not affected by the presence of Gd 3+ in the 0.22, right). In the presence of 100 M Gd 3+ , the mean maximal P o observed (0.03 Ϯ 0.01; n = 7) was less than external solution ( Figure 2B ). Gd 3+ therefore does not interfere with the mechanical gating of SIC channels or a quarter of the value observed under control conditions with volume changes that mediate changes in mem- Bourque, 1993a Bourque, , 1994 Bourque et al., 1994) , macroscopic responses to osmotic stimulation should be inbrane tension during osmotic stimulation.
Effects of Gd 3+ on SIC Channel Modulation
hibited in the presence of external Gd 3+ . Under wholecell voltage-clamp conditions (V H = Ϫ60 mV), transient hypertonic stimulation (+50 mOsm/kg) induced a reversEffects of Gd 3+ on Ion Permeation through ible inward current ( Figure 4A ; n = 12). As reported pre-SIC Channels When recorded using pipettes containing 10 or 100 M Gd 3+ , average values of channel MOT were lowered from 1.65 Ϯ 0.08 ms (control; n = 26) to 1.17 Ϯ 0.10 ms (n = 6) and 0.65 Ϯ 0.07 ms (n = 8), respectively (e.g., see Figure 1B1 ). In 3 patches, channel MOT was directly observed to decrease following injection of Gd 3+ (0.5 l; 10 mM) into the patch pipette ( Figure 3A) . The relationship between 1/MOT and external [Gd 3+ ] was approximately linear (forward rate = 9.2 ϫ 10 6 M Ϫ1 s
Ϫ1
; Figure 3B ), suggesting that Gd 3+ may be involved in a bimolecular blocking reaction (Neher and Steinbach, 1978) . Similar effects of Gd 3+ have been reported for SIC channels in skeletal muscle myotubes from mdx mice (forward rate = 2.3 ϫ 10 8 M Ϫ1 s
; Franco et al., 1991) and in stretchactivated cation channels in Xenopus laevis oocytes (forward rate = 1.6 ϫ 10 8 M Ϫ1 s Ϫ1 ; Yang and Sachs, 1989 ). Interestingly, with pipettes containing 100 M Gd 3+ , the amplitude of single-channel openings appeared to be reduced by ‫%01ف‬ compared with those recorded under control conditions (see Figure 1 ). This effect was clearly noticeable during events sufficiently long to reveal a stable open state, suggesting that it does not simply reflect an attenuation of brief events due to the limited frequency response of the recording system. While the basis for this attenuation was not studied in MNCs, a similar effect of external Gd 3+ in stretch-activated cation channels of Xenopus oocytes has been shown to be caused by a shift in the open channel current-voltage relation, possibly resulting from the screening of negative surface charges located in the vestibule of the channel (Yang and Sachs, 1989) . Alternatively, it is possible that the resting potential of the cells involved may have ).
for osmoreception in supraoptic neurons (Oliet and viously Bourque, 1993a, 1993b) , this current potential by Gd 3+ presumably reflects blockade of the mechanosensitive current. Moreover, as the number of was associated with an increase in membrane conductance and showed a reversal potential of Ϫ42.4 Ϯ 0.7 mV action potentials triggered by a fixed depolarizing pulse is not reduced by Gd 3+ (data not shown), attenuation of ( Figure 4B ). Bath application of Gd 3+ reversibly inhibited these responses with an IC 50 of ‫03ف‬ M (Figure 5 ), a osmotically evoked firing is likely to have resulted from the smaller amplitude of the receptor potential. Howconcentration similar to that required to reduce the MOT of single SIC channels by 50% (see Figure 3B ). Under ever, because of its known effects on various other ion conductances (Elinder and Å rhem, 1994), additional acwhole-cell current clamp, hypertonic stimulation of supraoptic neurons is known to evoke membrane depolartions of Gd 3+ on the excitability of MNCs cannot be excluded. ization and to enhance the frequency of spike discharge (Oliet and Bourque, 1993a) , responses that contribute to the osmotic control of vasopressin secretion (Bourque Discussion et al., 1994) . As shown in Figure 6 , depolarizing responses and action potentials evoked by hypertonic Application of positive or negative pressure to the inside stimulation from membrane potentials near rest (‫ف‬Ϫ65 of a recording pipette has been shown to increase the mV) were both reversibly inhibited by addition of Gd 3+ concavity or convexity, respectively, of membrane to the perfusing solution. Since MNCs do not express steady-state voltage-sensitive conductances at membrane potentials between Ϫ55 and Ϫ75 mV (Bourque and Renaud, 1990) , inhibition of the slow osmoreceptor patches isolated by gigaseal formation (Sokabe et al., The results shown in Figures 4-6 indicate that the inward cationic current, depolarization, and spike discharges 1991). Both stimuli, therefore, increase the amount of lateral tension experienced by ion channels embedded evoked by hypertonic stimuli were all inhibited by Gd 3+ with a potency (IC 50 ≈ 30-40 M) similar to that inhibiting within the patch (Sokabe and Sachs, 1992) . Stretchactivated channels are defined as those whose P o incation flux through single SIC channels (50% at 50-60 M). As indicated above, Gd 3+ did not interfere with the creases as a positive function of membrane tension (Guharay and Sachs, 1984; Sakin, 1993) . In contrast, the gating of SIC channels by changes in pipette pressure and external osmolality, or with the volume responses activity of stretch-inactivated channels is generally maximal near rest and decreases upon applying either posiof MNCs evoked by hypertonic stimuli (see Figure 2B) . Blockade of macroscopic osmosensitivity, therefore, tive or negative pressure to the inside of the patch pipette (Morris and Sigurdson, 1989 ; Franco and Lansmust have been selectively mediated by an uncoupling of mechanically evoked gating and current flux in SIC man, 1990; Morris, 1990; Oliet and Bourque, 1993a) . Because of this response profile, the activity of SIC channels. This result can be readily explained by the blocking action of Gd 3+ on SIC channels and provides channels in MNCs should vary as an inverse function of cell volume and could be responsible for the changes direct evidence for the involvement of these channels as molecular mechanotransducers responsible for in macroscopic cationic conductance underlying the generation of osmoreceptor potentials (Oliet and Bourque, osmoreception in vasopressin-releasing MNCs. 1994). As indicated by Morris (1992) , however, the
Experimental Procedures
involvement of a mechanosensitive channel in mechanotransduction cannot be inferred by association alone.
Isolation of MNC Somata
The somata of MNCs were isolated as previously described (Oliet Osmotic and Mechanical Gating of SIC Channels . Unanesthetized male Long-Evans rats (150-300 g) were killed by decapitation and their brains removed. Coronal ing (Morris, 1992) .
Cell-Attached Patch-Clamp Recordings
Petri dishes containing plated MNCs were mounted onto the stage
Gd
3+ Inhibits Cation Permeation but Not Mechanical
of an inverted phase-contrast microscope (Nikon, Melville, NY) and
Gating of SIC Channels
perfused at a rate of 1-2 ml/min with a solution (295 Ϯ 2 mOsm/ As for mechanosensitive channels in other cells (Gustin kg; 22ЊC-25ЊC; pH 7.4) containing 140 mM NaCl, 3 mM KCl, 1 mM CaCl 2, 1 mM MgCl2, 10 mM HEPES, and 30 mM mannitol. The osmoet al., 1988; Franco et al., 1991; Berrier et al., 1992;  lality of the solution was adjusted by the addition or removal of Sigurdson et al., 1992; Ruknudin et al., 1993) , Gd 3+ was mannitol. Cell-attached recordings (Hamill et al., 1981) were obfound to be a potent blocker of ion permeation through tained from MNCs using pipettes prepared using a horizontal puller SIC channels in MNCs, reducing channel MOT by 50% hibited by the presence of Gd 3+ in the external solution. (1990) . Calcium entry through stretchmM EGTA, 1.5 mM Na 2-ATP, and 0.2 mM cAMP. In these experiinactivated ion channels in mdx myotubes. Nature 344, 670-673. ments, the external osmolality of the control solution was adjusted Franco, A., Jr., Winegar, B.D., and Lansman, J.B. (1991) . Open chanto 275 mOsm/kg to minimize the cationic conductance present at nel block by gadolinium ion of the stretch-inactivated ion channel steady-state (Oliet and Bourque, 1993b (1981) . Improved patch-clamp techniques for high resolution rewhere CSA t is the maximal CSA observed at each point in time and cording from cells and cell-free membrane patches. Pflü gers Arch. CSA 0 is the mean value of CSA measured during the control period.
391, 85-100. Kullberg, R. (1987) . Stretch-activated ion channels in bacteria and
